-The tumor microenvironment is a complex system, playing an important role in tumor development and progression. Besides cellular stromal components, extracellular matrix fibers, cytokines, and other metabolic mediators are also involved. In this review we outline the potential role of hypoxia, a major feature of most solid tumors, within the tumor microenvironment and how it contributes to immune resistance and immune suppression/tolerance and can be detrimental to antitumor effector cell functions. We also outline how hypoxic stress influences immunosuppressive pathways involving macrophages, myeloid-derived suppressor cells, T regulatory cells, and immune checkpoints and how it may confer tumor resistance. Finally, we discuss how microenvironmental hypoxia poses both obstacles and opportunities for new therapeutic immune interventions.
IT HAS BECOME INCREASINGLY apparent that malignant cells exist in a complex cellular and extracellular microenvironment that plays key roles in the initiation and maintenance of the malignant phenotype. Among the microenvironmental factors that play a dominant role in neoplasia, hypoxia is believed to be one of the most relevant in the neoplastic response of tumor cells. It is widely appreciated that the majority of malignancies create a hostile hypoxic microenvironment that can hamper cellmediated immunity and dampen the efficacy of the immune response. Poorly vascularized and hypoxic zones inside solid tumors contribute to immune tolerance of tumor cells by impeding the homing of immunocompetent cells into tumors and inhibiting their antitumor efficacy. Several regulatory mechanisms can occur concurrently within the hypoxic tumor microenvironment, resulting in multiple redundant levels of immune cell plasticity and suppression, tumor plasticity, and functional heterogeneity. Hypoxic stress clearly plays a crucial role in tumor promotion and immune escape by controlling angiogenesis and favoring immune suppression and tumor resistance. Like other therapeutic attempts, immunotherapy is heavily hampered by the morphologically aberrant tumor microvasculature, preventing migration of immune effector cells into established tumors. Many strategies are emerging for changing the immunosuppressive nature of the tumor to a microenvironment able to support antitumor immunity. The identification of ways to induce a permissive and less hostile tumor microenvironment to avoid tumor resistance and immune suppression is of major interest and pertinence.
Hypoxia as an Integral Component of the Tumor Microenvironment
All life on Earth depends on O 2 , and all physiological and pathological processes of a living cell rely principally on O 2 (103) . Hypoxia is characterized by lack of O 2 , and hypoxic tissues are inadequately oxygenated (107) . A physiologically hypoxic microenvironment has been observed in a variety of normal tissues, including retina, kidney medulla, skin epidermis, and hypoxic niches within the bone marrow (103) . Both normal and tumor cells adapt to a hypoxic microenvironment by regulating the hypoxia-inducible factor (HIF) family of transcription factors. HIFs are dimeric proteins composed of an O 2 -sensitive ␣-subunit (HIF-1␣, HIF-2␣, or HIF-3␣) and a ␤-subunit (HIF-1␤/aryl hydrocarbon receptor nuclear translocator). HIF-1␣ and HIF-2␣ are regulated by O 2 -dependent von Hippel-Lindau (VHL) tumor suppressor-mediated degradation (103) . HIF-1␣ and HIF-2␣ are structurally similar in DNA binding and dimerization domains but differ in their transactivation domains. Consequently, they share overlapping target genes, but each also regulates a set of unique targets. The genes induced by hypoxia-dependent HIF-1␣ and HIF-2␣ play important roles in regulating different aspects of tumor biology, such as angiogenesis, cell survival, chemo-and radioresistance, proliferation, invasion and metastasis, pH regulation and metabolism, resistance to the immune system, and maintenance of cancer stem cells (CSCs) (104) .
Hypoxic Stress and the Immune System
Hypoxia reeducates myeloid cells toward an immunosuppressive phenotype. Increasing evidence demonstrates that tumor hypoxia impacts the antitumor immune response by promoting local immune suppression and inhibiting immune killing functions. Hypoxic zones in solid tumors are infiltrated by a large number of immunosuppressive cells, such as myeloidderived suppressor cells, tumor-associated macrophages, and T-regulatory (Treg) cells (83) . These cells are among the most widely studied immunosuppressive cells within the tumor microenvironment, and the role of tumor hypoxia in their recruitment and immunosuppressive functions is becoming evident (37).
TUMOR-ASSOCIATED MACROPHAGES. Macrophages constitute a principal component of the immune infiltrate in solid tumors (22) . Within the solid tumor microenvironment, macrophages differentiate into tumor-associated macrophages (TAMs) with expression of markers such as CD206 (67) . Tumor-derived cytokines, such as IL-4 and IL-10, are able to convert TAMs to polarized type 2, or M2, macrophages with more immunosuppressive activities, resulting in tumor progression (67) . TAMs have been found to be preferentially located in tumor hypoxic areas, where they accumulate HIF-1 and HIF-2 (13, 56) . The relative contribution of HIF-1 and HIF-2 to the regulation of gene expression in TAMs is not completely clear. Besides studies reporting a role of HIF-1 and HIF-2 in the promotion of macrophage angiogenic properties (117, 118) , HIF-1␣ was also reported to be crucial for macrophage-mediated inhibition of T cells in hypoxic conditions (28) . In hypoxic areas of tumors, TAMs also upregulate the expression of matrix metalloproteinase-7 protein in hypoxic areas of tumors (11) . Matrix metalloproteinase-7 is known to cleave the Fas ligand from neighboring cells, making tumor cells less responsive to lysis by natural killer (NK) and T cells (32) .
MYELOID-DERIVED SUPPRESSOR CELLS. Myeloid-derived suppressor cells (MDSCs) directly promote immune tolerance (37) . In tumor-bearing hosts, tumor-derived factors, such as VEGF, granulocyte-macrophage colony-stimulating factor, and prostaglandins, favor the accumulation of MDSCs in tumoral tissues and secondary lymphoid organs (34) . In these sites, MDSCs induce T cell anergy, restrain the effector phase of the CD8 ϩ T cell, and can promote antigen-specific Treg cell proliferation (34, 106) . HIF-1␣ has been directly shown to regulate the function and differentiation of MDSCs within the hypoxic tumor microenvironment. Tumor-derived MDSCs are more immunosuppressive than splenic MDSCs mostly because of the induction of HIF-1␣-dependent increased arginase activity and nitric oxide production (22) . Very recently, our group showed that tumoral MDSC expression of programmed death-ligand 1 (PD-L1) upregulated under hypoxia increased MDSC-mediated T cell tolerance (80) . We first found a differentially higher expression of PD-L1 on tumor-infiltrating MDSCs than splenic MDSCs (80) , and hypoxia dramatically and significantly increased the percentage of PD-L1-positive MDSCs isolated from the spleen in different tumor-bearing mice. We and others (10) further provided evidence that HIF-1␣ is a major regulator of PD-L1 mRNA and protein expression and that HIF-1␣ regulates the expression of PD-L1 by binding directly to a hypoxia response element in the PD-L1 proximal promoter. The immunosuppressive function of MDSCs enhanced under hypoxia was abrogated following PD-L1 blockade, and hypoxia-upregulated IL-6 and IL-10 in MDSCs was significantly attenuated after PD-L1 blockade (79, 80) . These data seem to indicate a more general mechanism, as blockade of tumor microenvironment-induced PD-L1 on dendritic cells (DCs) (24) has been shown to decrease DCmediated immune suppression, improve T cell function, and decrease tumor progression.
Cross talk between MDSCs and macrophages, suggesting that MDSCs downregulate IL-12 production by macrophages and increase their own production of IL-10 in response to signals from macrophages, has also been reported. This interaction between MDSCs and macrophages polarizes classically activated (M1) macrophages toward a type 2 and immunosuppressive phenotype and accentuates M2 macrophages (113) .
DENDRITIC CELLS. DCs are dominant antigen-presenting cells that are specialized for the activation of resting T cells and the initiation and regulation of antitumor immune responses (8) . The effect of hypoxia on the survival, differentiation, and maturation of DCs and their impact on antitumor immune responses have been well investigated. Indeed, DCs are also diverted by hypoxia from their highly specialized antigenpresenting and T cell-activating functions.
Under hypoxia, DCs exhibit decreased expression of several differentiation and maturation markers (CD1a, CD40, CD80, CD83, CD86, and myosin heavy chain class II molecules) in response to lipopolysaccharide. Similarly, hypoxia inhibits the stimulatory capacity of DCs for activating T cell functions. On the contrary, the production of proinflammatory cytokines, such as TNF and IL-1, as well as the inflammatory C-C chemokine receptor (CCR) type 5 (CCR5), was strongly upregulated under hypoxia in DCs (65) .
Moreover, several studies have provided evidence that the maturation and function of DCs are influenced by several hypoxia-modulated factors, such as VEGF and IL-10, present in the tissue microenvironment. The production of VEGF by human tumors inhibits the functional maturation of DCs and, thereby, promotes immune escape of tumor cells (36) . Recombinant VEGF administered to tumor-free mice resulted in repressed DC development associated with accumulation of Gr-1 ϩ immature MDSCs that inhibit T cell functions (35) , illustrating the proper immunosuppressive functions of VEGF. Tumor-associated DCs, in response to tumor-derived VEGF, increase the expression of PD-L1, which is a negative regulator of T cell function (24) . Moreover, anti-VEGF therapy was associated with a decrease in immature myeloid cells and DCs in patients (85) .
IL-10 has been shown to prevent the differentiation of monocytes to DCs while promoting their maturation to macrophages (4). Mammalian and viral IL-10 enhances CCR5 but downregulates CCR7 expression by DCs, thus impacting chemotactic responses and in vivo homing ability (109) .
Hypoxia Interferes With T Lymphocyte Function
Hypoxia regulates cytotoxic T lymphocyte cytotoxic activity. O 2 -independent inducers of HIF resulting in HIF stabilization have been identified in T cells. In this regard, T cell receptor (TCR)-mediated stabilization of HIF-1 has been reported following antibody-mediated engagement of TCR/CD3 via the phosphoinositide 3-kinase/mammalian target of rapamycin pathway, leading to increased HIF-1␣ protein synthesis (76) . TCR-activated T cells also increased HIF-1␣ mRNA synthesis by mechanisms involving protein kinase C and Ca 2ϩ / calcineurin (61) . Independently of TCR stimulation, HIF-1␣ mRNA is augmented in T cells in the presence of transforming growth factor (TGF)-␤ and/or IL-6 by a mechanism involving STAT3 (25) .
In physiological conditions, CD8 ϩ T cells from lymphoid organs (spleen and lymph nodes) were found to bind pimonidazole, indicating a hypoxic state within these organs (84) . Moreover, CD8
ϩ (and CD4 ϩ ) T cells were found in hypoxic adipose tissues of obese mice (92) . This suggests that CD8
ϩ T cells could be found in hypoxic tissue zones. In a tumoral context, CD8 ϩ T cells have been found in hypoxic tumors (87), but their distribution inside the tumors, i.e., whether CD8 ϩ T cells are inside or outside the intratumoral hypoxic zones, has not been elucidated.
The effects of hypoxic stress on the killing functions of CD8 ϩ T cells have been analyzed by several groups. Caldwell et al. (12) revealed that, starting from mouse splenocytes, hypoxic stress delayed CD8 ϩ T cell development but potentiated the lytic capacities of developed CD8 ϩ T cells. More recently, deletion of Vhl in CD8 ϩ T cells, which resulted in constitutive expression of HIF-1 and HIF-2, delayed CD8 ϩ T cell differentiation into effector cells but increased their cytotoxic functions, which correlated with increased expression of granzyme B (27) . These increased effector capacities were dependent on HIF-1 and HIF-2 and resulted in a better ability to inhibit tumor growth in mice. HIF-1 was also shown to control the expression of granzyme D, E, and F genes (33), but whether HIFs directly regulate the expression of granzyme genes was not documented. HIF-1 was also shown to regulate perforin expression in an indirect manner (33) . These results illustrate the in vitro effects of hypoxic stress on CD8 ϩ T cell activity and suggest that hypoxic stress increases lytic functions of CD8 ϩ T cells and decreases their proliferative and differentiating capacities.
In mice challenged with tumors, intratumoral hypoxia increased expression of the co-stimulatory receptor CD137 at the surface of tumor-infiltrating CD8 ϩ T cells in a HIF-1-dependent manner. The ligation of CD137 by agonist antibodies increased CD8
ϩ T cell activity on the basis of increased production of IFN-␥ and TNF-␣ by CD137 ϩ
CD8
ϩ T cells in vitro and decreased tumor growth in vivo (87) . However, the beneficial effects of CD137 upregulation on tumor progression were found to be tumor-specific, since spontaneous breast carcinoma was resistant to anti-CD137 immunotherapy. Moreover, antigenic stimulation of T cells was necessary for optimal upregulation of CD137 by hypoxia, implying that, in tumors with a loss of antigen expression, the hypoxia-induced upregulation of CD137 may be impaired. Therefore, CD8
ϩ T cells facing hypoxic conditions do not lose their cytolytic properties and even seem to be more lytic due to their upregulation of cytotoxic proteins, TCR, and adhesion molecules.
On the other hand, the effect of hypoxia on cytokine production by CD8 ϩ T cells is less well documented. In vitro cultured hypoxic CD8 ϩ T cells secreted less IFN-␥ and less IL-2 (12). IFN-␥ production was not altered in in vitroactivated CD8 ϩ T cells with constitutive HIF-1 (33) . Vhldeficient CD8 ϩ T cells isolated from mice expressed more IFN-␥ and TNF (27) . This diversity in culture conditions and in the activating signal (hypoxia, antigenic stimulation, or VHL tumor suppressor deletion) may have led to different impacts on cytokine production by CD8 ϩ T cells.
Hypoxia potentiates Treg cell immunosuppressive function.
The effects of hypoxia on CD4 ϩ T cells are better described. Under hypoxic stress and in the presence of TGF-␤, CD4
ϩ T cells upregulate Foxp3 through direct binding of HIF-1 to the Foxp3 promoter region, inducing Treg cell formation (18) . On the another hand, Foxp3-restricted VHL tumor suppressor deletion in Treg cells, which resulted in constitutive HIF-1 stabilization, skewed Treg cells toward a T helper type 1 (Th1)-like phenotype (55) . These Treg cells exhibited a massive IFN-␥ production by direct binding of HIF-1 to the IFN-␥ promoter and a negligible increase in IL-17 production. As suggested by Lee et al. (55) , the discrepancy between these findings and the previous study may reside in the fact that Clambey et al. (18) analyzed naïve CD4 ϩ T cells, whereas they used differentiated Treg cells. This HIF-1-mediated IFN-␥ production by Treg cells suggests that, inside tumors, IFN-␥ production may be high in HIF-1-positive Treg cells, but tumoral Treg cells have been described to be rather immunosuppressive and a source of anti-inflammatory cytokines. Further studies on the consequences of Foxp3-restricted VHL deletion in the tumor microenvironment are needed. DCs that have constitutive HIF-1 signaling following SIRT1 deletion showed increased IL-12 and decreased TGF-␤1 production and induced CD4
ϩ differentiation toward Th1-like T cells (59) . Again, these experiments must be performed in a tumoral context to gain insights into the consequences of HIF-1 stabilization in DCs in CD4 ϩ T cell differentiation. Tumor hypoxia also attracts Treg cells inside the tumor bed by impacting the cytokine profile inside the microenvironment. Facciabene et al. (31) recently reported that hypoxic stress increases the expression and secretion of CCL28 by ovarian tumor cells. CCL28 acts as a chemoattractant for Treg cells, which have well-documented immunosuppressive functions on CD8 ϩ T cells. We have also provided evidence that hypoxic stress, by inducing the pluripotency factor NANOG in tumor cells, activates the expression and secretion of the immunosuppressive TGF-␤1 by tumor cells by a mechanism involving at least direct binding of NANOG to the TGF-␤1 promoter. Targeting NANOG in B16-F10 melanoma cells decreases TGF-␤1 and reverses the intratumoral immune cell infiltrate by increasing the number of CD8 ϩ T cells and decreasing the number of macrophages and Treg cells (44) . These findings connect stem cell-associated factors with inhibition of the immune response in the hypoxic tumor environment.
Effect of Hypoxic Stress on Tumor Target Plasticity
Tumor cell heterogeneity: CSCs. Tumor growth is dependent on the presence of CSCs, a subpopulation with stem cell-like properties, within the tumor (93) . CSCs are in an undifferentiated state, undergo self-renewal, and, when implanted in immunodeficient mice, are able to develop tumors and reestablish the bulk tumoral heterogeneity (88) . Also, because CSCs are able to resist conventional antitumor therapies (115), they are a probable cause of tumor recurrence after treatment. Therefore, their eradication in the tumor is a therapeutic challenge that justifies a better understanding of their emergence and persistence in the tumoral tissue. In this regard, hypoxia and HIFs have been described to induce tumor cell dedifferentiation toward an immature phenotype and, similarly, to maintain tumor cells with stem cell properties (51) . Several reports show the role of hypoxia and HIFs in promoting a stem cell-like phenotype through the expression of pluripotency factors such as OCT4, SOX2, and NANOG, required for maintenance of self-renewal in stem cells or activation of the Notch-signaling pathway, which regulates self-renewal and differentiation (51). Jogi et al. (48) showed that culturing neuroblastoma cells under hypoxia led to an increase in genes expressed in neural crest progenitors and a decrease in neuronal marker genes. McCord et al. (70) reported that glioblastoma neurospheres under hypoxia show an increased propor-tion of CD133 ϩ stem cell-like cells and induction of embryonic markers, such as OCT4 and SOX2. This was associated with a selective increase in HIF-2␣. Hypoxia was reported by Chen et al. (15) to activate Notch signaling in lung adenocarcinomas, which was essential, since use of a Notch-signaling inhibitor under hypoxia induced cell death. However, the Notch pathway can also promote cell differentiation in keratinocytes and certain neural stem cells (75, 119) . This ability of hypoxia to increase the stem cell-like subset inside a tumor cell population reflects the plasticity of the CSC compartment and the role of microenvironmental stimuli in shaping this particular subset. Some of the effects of hypoxia on tumor cell differentiation are directly mediated by the HIFs. Li et al. (58) reported that targeting HIF-1␣ and HIF-2␣ in CD133
ϩ glioma stem cells decreased their survival and their tumorigenic and angiogenic potentials. They also reported a preferential expression of HIF-2␣ in CD133 ϩ glioma stem cells, whereas HIF-1␣ was present in both stem and nonstem tumor cells, and their stabilization required more severe hypoxia. Another study using human neuroblastoma cells also found a selective expression of HIF-2␣ in an immature cell subset, with induction of differentiation when targeting HIF-2␣ (91). Overexpression of HIF-2␣ in nonglioma stem cells was sufficient to induce a stem cell-like phenotype (sphere-forming ability and larger tumors after mouse engraftment) (45) . HIF-2 was also shown to directly activate the expression of SOX2 (74) . At a clinical level, HIF-2␣ expression in patients correlated with poorer prognosis. These findings support a preferential targeting of HIF-2␣ for selective eradication of CSCs without adverse effects on normal progenitor cells. HIF-1␣ is not outdone, since a recent study by Wang et al. (116) using human acute lymphocytic leukemia showed a selective activation of HIF-1␣ in leukemia stem cells under normoxic conditions compared with the bulk of leukemia blasts. This HIF activity is due to a selective VHL deficiency in the leukemia stem cell subset, and blocking HIF-1␣ activity enabled the elimination of leukemia stem cells without an effect on the normal hematopoietic stem cells. HIF-1␣ is required for induction of the breast cancer stem cell phenotype in response to hypoxia (120) . We and others have identified HIF-1 as the inducer of NANOG expression under hypoxic stress in non-small cell lung carcinoma (68) and in B16-F10 melanoma cells, and NANOG contributed to the acquisition of stem cell-like features under hypoxic stress (43, 44) . These studies and others describe the effects of hypoxia in converting differentiated cancer cells to stem celllike cancer cells via the expression of embryonic factors or the induction of stem cell properties. The tumoral expression of transcription factors associated with stemness may also lead to tumor target resistance to cytotoxic T lymphocyte (CTL)-mediated lysis. Our group has identified hypoxia-induced NANOG as a critical molecule involved in resistance to CTLmediated lysis in a HIF-1-dependent manner and by a mechanism involving STAT3. Indeed, hypoxia-induced NANOG was found to be implicated in the phosphorylation of STAT3 under hypoxic stress and, thereby, in its translocation to the nucleus (43) . Hypoxia-induced NANOG was also found to directly regulate TGF-␤1 expression by binding to TGF-␤1 promoter in B16 melanoma cells, which is involved in tumor infiltration by immunosuppressive cells (43, 44) . Similarly, constitutive expression of NANOG in cervical cancer cells also mediates resistance to lysis by CTL by a mechanism involving Akt (77) .
Tumor cell plasticity: epithelial-mesenchymal transition and consequences on antitumor immunity. Epithelial-mesenchymal transition (EMT) is a developmental transdifferentiation process in which polarized epithelial cells lose their epithelial traits while gaining mesenchymal traits (111) . This process can be reactivated during cancer progression, providing certain cancer cells with increased capacity to migrate, invade, and resist cell death. EMT can be partial, with cells conserving many salient features of epithelial cells, and transient, with cells transitioning from an epithelial to a mesenchymal state and then reverting to an epithelial state, either partially or fully (mesenchymal-epithelial transition). This illustrates the innate plasticity of cells undergoing EMT or mesenchymal-epithelial transition. Cells experiencing EMT can also reactivate stem cell-associated self-renewal programs, which suppose some degrees of plasticity (66) . Several reports suggest that hypoxia promotes EMT in various cancer types, including prostate, breast, renal, pancreatic, myeloma, lung, ovarian, and squamous carcinoma (6, 46, 62, 64, 97, 100, 108) . Experimental studies have revealed that the stabilization of HIF-1␣ by hypoxia can directly or indirectly stimulate the expression of several E-box-binding transcription factors known to regulate EMT, including TWIST1, ZEB2, and SNAIL (64, 90, 121, 124) , while discrepancies among models suggest context-dependent events. Additionally, under some circumstances, hypoxia may sustain major CSC and EMT-regulatory pathways, such as TGF-␤, nuclear factor-B, and Notch signaling pathways (16, 69, 96, 122, 123) . Recently, a new concept, that EMT can modulate the antitumor immune response, has emerged. Transduction of Snail in B16 melanoma cells resulted in inhibition of the CTL lysis activity toward the cancer cells concomitantly with inhibition of DC maturation and expansion of a population of Treg cell-like CD4 ϩ Foxp3 ϩ (54). Exploiting the human mammary carcinoma model MCF7, we found that MCF7 cells that experienced EMT after 1) introduction of SNAIL, 2) prolonged exposure to TNF-␣, or 3) modulation of the WISP2-TGF-␤-KLF4 axis, presented with resistance to CTL-mediated lysis (1-3). The acquired mesenchymal phenotypes were associated with incipient stem celllike and autophagic states, which we found to be mainly responsible for promoting reduced susceptibility to CTL-mediated lysis. Ricciardi et al. (94) recently reported that EMT following exposure to inflammatory cytokines (i.e., TGF-␤, IFN-␥, and TNF-␣) can promote a multitude of immunemodulatory effects, including inhibition of lymphocyte proliferation (NK, T, and B cells), expansion of regulatory and T and B cells, and stimulation of NK or T cell apoptosis. These effects were variable among the tested models, which suppose a high degree of complexity when these mechanisms are considered in the clinical setting. It is also noteworthy that previous studies performed in models of human keratinocytes and colorectal cancer cells have found that EMT can render cancer cells more susceptible to NK cell-mediated lysis in a manner that appears to be dependent on EMTmediated induction of NK group 2 ligand D [i.e., myosin heavy chain class I chain-related molecule A (MICA)/ myosin heavy chain class I chain-related molecule and ULBP1-3] (60). In another significant breakthrough, Chen and colleagues (14) showed in lung cancer models that downregulation of microRNA 200s and overexpression of ZEB1 induced upregulation of PD-L1 expression in a microRNA 200-dependent fashion, resulting in exhaustion of intratumoral CD8
ϩ T lymphocytes and a reduced number of tumor-infiltrating lymphocytes, the latter correlated with the development of lung metastases derived from subcutaneous engrafted tumor cells (14) .
Hypoxia and circulating tumor cells. Circulating tumor cells (CTCs) invade and colonize potential distant organs after reaching the lymphatic or hematogenous circulation through intravasation. CTCs generally represent a small proportion of cancer cells that have escaped from the primary tumor site. Nevertheless, CTCs have been detected in the peripheral blood of cancer patients and provide an index of disease severity and aggressiveness in patients with distant metastasis (26) . EMT can occur at the origin of a CTC and may be involved in their capacity to migrate into blood vessels. Several studies have demonstrated the upregulation of EMT markers in CTCs, supporting this hypothesis (112) . During EMT, CTCs are generated from the primary tumor and, subsequently, invade and colonize distant organs (41) . Hypoxia is involved directly and indirectly in the induction of EMT and, consequently, in higher rates of metastases (49) . Although the relationship between CTCs and tumor hypoxia has not been fully investigated, some preliminary reports demonstrated an impact of hypoxic tumor microenvironment on modulation and determination of the metastatic ability of CTCs. In their investigation of HIF-1␣ and VEGF expression in CTCs of metastatic breast cancer patients, Kallergi and colleagues (50) showed that CTCs from these patients express VEGF mRNA and protein. Moreover, they demonstrated that VEGF receptor (VEGFR) type 2 (VEGFR2) is also expressed on the plasma membrane of CTCs, suggesting an autocrine loop involving VEGF and VEGFR2. More interestingly, double-and triplestaining experiments on CTCs showed that VEGF was coexpressed with HIF-1␣ and VEGFR2. Hence, VEGF production was probably regulated by HIF-1␣ and/or phosphorylated focal adhesion kinase, as suggested by the significant correlation between the expression of these molecules (50). Ameri et al. (5), using the human triple-negative breast cancer cell line MDA-MB-231, generated orthotopic xenografts in mice that produced CTCs (30) and resulted in lung metastases. These xenografts were found to be profoundly hypoxic and produced CTCs that were captured and cultured. These CTCs demonstrated an altered response to hypoxia compared with the parental MDA-MB-231 cells from which they were derived and also exhibited increased aggressiveness in vivo. In addition to expressing the HIFs at higher levels, CTCs also demonstrated an altered regulation of HIF target genes. CTCs did induce BNIP3, CAIX, and GLUT1, but the induction of these factors was much lower than in parental MDA-MB-231 cells (5) . The impact of hypoxia on CTC number, CTC phenotype, and CSC-like properties of CTCs has not been examined. Further investigations are needed to better understand the relationship between hypoxia, CTCs, epithelial and mesenchymal marker levels, EMT process, tumor progression, and treatment response.
Hypoxic Stress Impairs Tumor Target Susceptibility to Effector-Mediated Lysis Through Different Mechanisms
Hypoxia-induced HIF-1␣ and phosphorylated STAT3 confer resistance to tumor targets against effector cell-mediated killing. Accumulating experimental and clinical evidence indicates that multiple mechanisms suppressing the antitumor immune functions are induced in the tumor microenvironment. More attention has been focused on the mechanisms by which hypoxic stress within the tumor microenvironment alters tumor susceptibility to immune cell attack. We demonstrated that exposure of tumor cells to hypoxia inhibits specific CTLmediated lysis by a mechanism involving nuclear translocation of HIF-1␣, phosphorylation of STAT3, and VEGF secretion by tumor cells (78) . Silencing of STAT3 resulted in HIF-1␣ inhibition and a significant restoration of target cell susceptibility to CTL-induced killing under hypoxic conditions by a mechanism involving, at least in part, downregulation of Akt phosphorylation. This study highlights the functional link of the concomitant hypoxic induction of phosphorylated STAT3 and HIF-1␣ to the alteration of tumor susceptibility to CTLmediated killing (Fig. 1) .
Moreover, it has been reported that hypoxia induces tumor cell resistance to immune-mediated lysis via a HIF-1␣-dependent pathway linked to increased expression of the metalloproteinase ADAM10. Indeed, ADAM10 is required for the hypoxia-induced shedding of MICA, a ligand that triggers the cytolytic action of immune effectors, from the surface of tumor cells. Such findings show a mechanistic link between hypoxiainduced accumulation of HIF-1␣, increased expression of ADAM10, and decreased surface MICA levels, leading to tumor cell resistance to lysis mediated by innate immune effectors (9) .
Hypoxia-induced autophagy plays a major role in the resistance of tumors to immune cell-mediated killing. Recent data have shown that hypoxia-induced autophagy is an important regulator of the innate and adaptive antitumor immunity mediated by NK cells and CTLs, respectively. The first evidence for such a role of autophagy was provided by our group; we demonstrated that hypoxic lung carcinoma cells can evade CTL-mediated lysis through autophagy induction. The inhibition of autophagy restored tumor cell sensitivity to CTLmediated lysis. This was correlated with a decrease in hypoxiadependent induction of phosphorylated STAT3. Using a mouse melanoma model, we further showed that the combination of the autophagy inhibitor hydroxychloroquine and a tyrosinaserelated protein-2 peptide-based vaccination strategy resulted in a significant decrease in tumor growth in mice compared with control and with each treatment alone. These results strongly demonstrate that in vivo inhibition of autophagy improves the antitumor effect of a tyrosinase-related protein-2-based vaccine (81, 82) (Fig. 1) .
The role of autophagy activation has been extended to the NK cell-mediated antitumor immune response. We recently described the first evidence that tumor cells can escape NK cell-mediated immune surveillance by activating autophagy under hypoxia (7, 114) . At the mechanistic level, we showed that granzyme B is selectively degraded upon autophagy activation in hypoxic cells, thereby inhibiting NK cell-mediated target cell apoptosis (Fig. 2) . In light of these in vitro observations, we showed a significant decrease in tumor volume in autophagy-defective tumors, presumably as a consequence of potentiation of tumor cell killing by NK cells.
More recently, the role of autophagy in regulating the NK cell-mediated immune response was investigated in a clear cell renal cell carcinoma cell model displaying a mutation in the VHL gene and resistance to NK cell-mediated killing. (72) . Taken together, these results suggest that inhibition of ITPR1/ autophagy in tumors improves their elimination by NK cells in vivo (71, 73) .
Targeting Hypoxia to Improve Current Cutting-Edge Immunotherapy Approaches
Immunotherapeutic strategies aimed at triggering or enhancing antitumour immunity are disappointing because of diverse tumor escape mechanisms from immunosurveillance (17, 29) . It seems obvious that more could be achieved by combining therapies that tackle malignancies from multiple angles, with the tumor microenvironment conditioned to support a powerful effector arm generated by immunotherapy.
Tumor immunotherapy in the clinic has not taken into account the hypoxic microenvironment and its impact on the therapeutic outcome. A number of anticancer drugs have been shown to inhibit HIFs (99, 101, 104) . Clearly, given the central role of hypoxia in the regulation of tumor progression and immune suppression, it is conceivable that its targeting might be considered in new combined cancer therapies.
In this regard, it is tempting to speculate that targeting tumor hypoxia will decrease immunosuppressive cell numbers, inhibit their function, increase effector T cells, improve vaccine efficacy, and, in general, improve antitumoral immunotherapy. Novel immunotherapy approaches, along with targeting tumor hypoxia by using HIF-1␣ inhibitors, will eventually be beneficial for improving the antitumor immune response in various cancer patients. Whether the suppression of hypoxia may be a promising strategy that is selective for facilitating immunotherapeutic efficacy in cancer patients is under investigation.
Compensation of Hypoxia and Potential of Vessel Normalization for Immunotherapy
Regulation of stroma reactivity by tumor angiogenic activity. It is widely admitted that the endothelial response to tumor hypoxia signaling is the angiogenic switch (42) involving HIF stabilization and transcription (102) , along with production of VEGFs, angiopoietin 2, IL-8, and other factors (38) . As antiangiogenic treatments have shown that destruction of angiogenesis leads to deep hypoxia and induces tumor resis- tance (86) , efforts are focusing on rendering the tumor vessels functional to help treat the tumor by anticancer drugs for their increased availability, by radiotherapy for the higher PO 2 , and by immunotherapy to synergistically boost the immune response. By normalizing vessels (38, 47) , the challenge is to alleviate hypoxia to counteract most deleterious effects related to tumor microenvironment (105) .
Normalization and alleviation of hypoxia are reciprocal results. Persistent normalization is an alternative to antiangiogenesis strategies (98) due to the profound effect on the microenvironmental components, namely, the immune cells.
Normalization approaches directed to the VEGF/VEGFR blockade have given promising data in the perspective of tumor immunotherapy by increasing CTL entry into the tumor mass. Normalization was found to direct macrophage polarization to the M1 phenotype and, inducing a Th1 immune cytokine response by IFN-␥ and IL-12, allows CTL infiltration and correlates with a reduced Treg cell recruitment (Fig. 3) (53) . CD4 ϩ
CD25
ϩ Foxp3 ϩ Treg cells are recruited by CCL-22 (23) and CCL-28 induced by tumor hypoxia (31, 110) . CTL and NK cell entry and activity (73a, 109a) are regulated by the immune checkpoint proteins CTLA4 and PD1/PD-L1/PD-L2. PD-L1 and PD-L2 are also expressed on the endothelial cell surface (95) and appear to restrict extravasation of T cells into the tumor (39) . Hence, PD-L1 regulation by endothelial phosphatase and tensin homolog activity (89) is a potential target for normalization-improved antitumor immunotherapy (52) .
In addition, the closed cross talk between vessel normalization/hypoxia alleviation and immune response was confirmed by Treg cell depletion, which restored functional vessels (57) . A vessel normalization strategy based on VEGF/VEGFR2 (adapted to be active only under hypoxia) leads to hypoxia alleviation and tumor reduction (19 -21) . Very recently, chloroquine was also reported to induce endothelial cell Notch1-mediated tumor vessel normalization (63) . The allosteric effector of hemoglobin, inositol trispyrophosphate, was also found to normalize vessels and to increase PO 2 by improving O 2 delivery at hypoxic sites (40, 52) .
Indeed, efforts are focused on the identification of pertinent ways to remodel the tumor microenvironment through vascular normalization to avoid tumor resistance and immune suppression. This could offer innovative therapeutic approaches allowing the development of new combinatorial antitumor-targeting therapeutic treatments based on the combination of a stable normalization-inducing strategy with peptide vaccination and immune checkpoint molecule inactivation.
Concluding Remarks
The role of the microenvironment during the progression of carcinogenesis is now realized to be of critical importance for an enhanced understanding of fundamental cancer biology, as well as exploitation of this source of relatively new knowledge for improved immune intervention. Approaches such as those using antibodies, adoptive cell transfer, or chimeric antigen receptor are opening new treatment opportunities for cancer immunotherapies. However, most immunotherapeutic approaches on their own are of limited value against the majority of malignancies, as solid tumors create a hostile hypoxic microenvironment that can hamper cell-mediated immunity and dampen the efficacy of the immune response. It is well documented that intratumoral hypoxia can cause genetic changes that promote a microenvironment that selects cells of a more aggressive phenotype. In addition, several regulatory mechanisms can occur concurrently within the hypoxic tumor microenvironment, resulting in multiple redundant levels of immune cell plasticity and suppression, tumor plasticity, and functional heterogeneity. In this regard, several elements of the hypoxia-response pathway are good candidates for therapeutic targeting. Exploitation of hypoxia-signaling pathways for clinical application, in particular in solid tumors, is challenging. It will be of major interest to take into account the manipulation of hypoxic stress in future integrative and innovative cancer immunotherapy approaches. Targeting the hypoxic tumor microenvironment to awaken or reawaken immune cells or to redirect it from a protumor to an antitumor state is very pertinent. In this context, remodeling of the tumor microenvironment through vascular normalization to avoid tumor resistance and immune suppression could also offer innovative therapeutic approaches allowing the development of new combinatorial antitumor-targeting therapeutic strategies.
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